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Process-morphology scaling relations quantify
self-organization in capillary densified nanofiber
arrays†
Ashley L. Kaiser, ‡a Itai Y. Stein, ‡*b Kehang Cui c and Brian L. Wardle *b
Capillary-mediated densification is an inexpensive and versatile
approach to tune the application-specific properties and packing
morphology of bulk nanofiber (NF) arrays, such as aligned carbon
nanotubes. While NF length governs elasto-capillary self-assembly,
the geometry of cellular patterns formed by capillary densified NFs
cannot be precisely predicted by existing theories. This originates
from the recently quantified orders of magnitude lower than
expected NF array eﬀective axial elastic modulus (E), and here we
show via parametric experimentation and modeling that E deter-
mines the width, area, and wall thickness of the resulting cellular
pattern. Both experiments and models show that further tuning of
the cellular pattern is possible by altering the NF–substrate adhesion
strength, which could enable the broad use of this facile approach to
predictably pattern NF arrays for high value applications.
The potential for meter-scale bulk manufacturing and unique
anisotropic physical properties of one-dimensional nanostruc-
tures, such as nanowires, nanotubes, and nanofibers (NFs),
motivates their use in industrial applications, such as electrical
interconnects,1–4 energy harvesting and storage,4–8 sensors and
actuators,9–12 and structural reinforcement.13–15 However, the
low packing density and inherent stochastic nature of these
NFs when synthesized by scalable approaches, such as chemical
vapor deposition, leads to observed properties that are orders of
magnitude lower than expected.16–18 This could be substantially
overcome by densification approaches such as capillary-mediated
densification, which is a versatile and scalable approach that has
been utilized to increase the packing density and form intricate
three-dimensional nano-architectures out of alignedNF systems.19–22
But since NFs self-organize into two-dimensional cellular struc-
tures of unpredictable shapes and sizes when this approach
is applied to bulk NF arrays \100 mm tall,20–22 models that
predict cellular network formation are needed. Here, we
develop process-morphology scaling relations that quantify
and accurately predict the self-organization of an exemplary
system of NFs, aligned carbon nanotube (CNT) arrays, into
cellular patterns, and show that the effective elastic modulus
scaling of the cell wall with its height governs the wall thickness,
width, and area of the resulting cells.
Intrinsic and scale-dependent properties of CNTs has made
them a primary choice for studying NF array behavior, and
previous work on aligned CNTs has shown that their morphology
can be tuned to form complex three-dimensional shapes and
patterns via capillary-mediated densification.20–22 By utilizing
densification approaches, previous studies have shown that
CNT architectures with excellent electrical, thermal, and
mechanical properties that approach those predicted by early
theoretical models can be synthesized, with the potential for
mass production.23–26 Although targeted densification can be
achieved via various creative approaches, e.g. plasma exposure27
and low pressure sealing,28 elasto-capillary self-assembly is the
most widely utilized technique due to its simplicity and compat-
ibility with scalable manufacturing approaches.20–22 See Fig. 1
for an overview of capillary densification in aligned CNTs. While
the CNT length governs the force balance during elasto-capillary
self-assembly,29–31 where longer CNTs self-organize into larger
cells (see Fig. 1b), accurately predicting the geometry of the CNT
cellular patterns given a starting NF array morphology (e.g. CNT
length) is not currently possible. This originates from the large
variability in previously reported CNT cell sizes (see Fig. 1c) and
(as will be shown herein) non-representative assumptions of the
CNT array elastic response,32–39 which led to a linear scaling law
in ref. 32 that leaves several previous observations unexplained.
In this report, we use extensive quantification of the CNT cellular
network to model the mechanical behavior of CNTs during
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elasto-capillary self-assembly, and to develop representative
scaling relations that accurately predict the evolution of the
CNT cell geometry with the height of the initial CNT array.
Aligned CNT arrays were grown in a 22 mm internal diameter
quartz tube furnace at atmospheric pressure via a previously
described thermal catalytic chemical vapor deposition process
with ethylene as the carbon source and 600 ppm of water vapor
added to the inert gas.40–42 The CNTs were grown on 1 cm 1 cm
Si substrates via a base-growth mechanism on a catalytic layer
composed of 1 nm Fe on 10 nm Al2O3 deposited via electron
beam physical vapor deposition.43–45 The CNTs self-assemble
into aligned arrays that were B10–300 mm tall, and were
composed of multiwalled CNTs with an average outer diameter
ofB8 nm (3–7 walls withB5 nm inner diameter and intrinsic
CNT density of E1.6 g cm3),42,45–47 inter-CNT spacing
ofB60–80 nm,48–50 and Vf ofB1% CNTs.
42 To test the impact
of CNT adhesion to the growth substrate, a subset of aligned
CNTs was heat treated for 40 min at 740 1C under 200 sccm of
helium flow, which leads to samples that we call cemented
CNTs (-c-CNTs) which are compared to baseline samples
that we call not cemented CNTs (-nc-CNTs), i.e. nc-CNTs do
not undergo thermal post-processing. The cementation post-
processing conditions used here originate from a recent study
that investigated the tensile force required to remove CNTs
from the growth substrate after post-processing for a variety of
times and environments at 740 1C (the CNT growth tempera-
ture). A maximum ofB4 increase in the CNT-growth substrate
adhesion force is reported when compared to the untreated
CNTs (i.e. nc-CNTs) for samples heat treated in an He ambient
for 40 min (additional analysis of these findings is the subject
of an upcoming publication).51 The cementation processing
utilized here is similar to other post-growth CNT–substrate
adhesion tuning techniques that were investigated in previous
studies,22,52,53 which found that allowing the CNTs to cool in a
hydrocarbon ambient increased their adhesion to the growth
substrate, and that the CNT–substrate bonding could be
weakened via etching of the CNT–catalyst interface, e.g. using
H2O vapor.
52 The current approach is distinct in its effect and
purpose of further increasing the CNT–substrate adhesion. After
growth (and cementation processing for c-CNTs), all CNT array
samples were then exposed to a previously developed O2 plasma
treatment,31 and then densified via a previously reported paper-
soaking technique,54 which leads to slower wetting and thereby
less CNT delamination and damage than direct immersion
techniques,21 using two different solvents (acetone and ethanol).
After capillary densification, the cell wall thickness (t) was
measured via scanning electron microscopy (Zeiss Merlin,
5 mm working distance, 5 kV accelerating voltage). Cell area
(A) and circularity (O) were estimated from optical microscope
(Carl Zeiss Axiotech 30 HD) images via ImageJ (see Section S1
in the ESI† for details),55 and the cell width (w) was evaluated
as a one-dimensional approximation via w  ﬃﬃﬃﬃAp . See Fig. 2 for
exemplary histograms of t, w, and A. To determine the arithmetic
means (L), the raw t datasets were analyzed via Gaussian
distributions, while the raw w and A datasets were analyzed via
log-normal distributions. Log-normal distributions were used for
the raww and A data because they originate from the time evolution
of a Gaussian distribution, i.e. the inter-CNT spacing,16,49,50 without
producing new elements, which was postulated to give rise to
log-normal statistics in the long-time limit.56–58 The h depen-
dence of t, w, and A was then investigated by averaging L from
2–4 samples, and this is presented in Fig. 3 and Tables S2, S3 in
Section S3 of the ESI.†
As Fig. 2a illustrates, the post-processing cementation that
creates c-CNTs significantly impacts the self-organization of CNTs
into a network of two-dimensional cells. This diﬀerence between
the cells formed by c-CNTs and those formed by nc-CNTs can be
explained by examining the impact of CNT–substrate adhesion
on CNT elastic behavior. Although cementation increases
CNT–substrate adhesion via several mechanisms, this diminished
CNT mobility reduces the amount of CNT–CNT junctions that can
Fig. 1 Capillary-mediated densification of aligned carbon nanotube
(CNT) arrays into 2D cellular networks. (a) Illustrations and scanning
electron microscopy (SEM) images demonstrating the formation of cells
from CNT arrays. (b) Side view illustrations and top view SEM images of
CNT cell networks showing that the height (h) of CNT arrays governs the
width (w) and wall thickness (t) of the resulting CNT cell, all other factors
being the same. (c) Previously reported w of CNT cells made from CNTs
with diameters DcntB 5–15 nm to 15–60 nm (K, and , respectively),
32–39
and the linear scaling relation proposed in ref. 32.
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form in the CNT axial direction as the array self-assembles into
CNT walls, i.e. when the CNTs are deflected perpendicular to their
axial direction to form the CNT bundles that comprise the cell
walls. Since the torsion deformation mechanism was previously
found to contribute 490% of the effective compliance of CNT
architectures comprised of weakly interacting CNTs such as
those herein,16 formation of additional CNT–CNT junctions is
a mechanism by which the CNTs could collectively reinforce one
another and thereby resist deforming via torsion. However,
because cementation lowers the mobility of CNTs local to the
substrate during the capillary-mediated self-assembly process,
their ability to entangle with one another in three-dimensional
space is likely hindered, which means that the number of
CNT–CNT junctions that could be formed along the CNT length
in c-CNTs is lower than that of nc-CNTs for a given two-
dimensional packing fraction. This effect could be exacerbated
by the larger gradient in two-dimensional packing fraction along
the length of c-CNTs (see Fig. 2a for illustration) due to lower
CNT base mobility when compared to nc-CNTs that can more
freely slide and pack. Such a difference in the collective reinfor-
cement efficacy of CNTs with higher substrate adhesion forces
implies that the cementation processing would lead c-CNT walls
to be less stiff than nc-CNT walls at a comparable t, since c-CNTs
would need to achieve a higher three-dimensional volume
fraction to reach a similar number of CNT–CNT junctions. Since
the capillary forces will be unchanged, this reduction in the wall
stiffness as a result of cementation means that, to maintain the
force balance, c-CNTs will need to form larger effective bundles.
When this is coupled with the diminished CNT mobility
perpendicular to their axial direction (due to cementation
mediated enhanced substrate adhesion forces), c-CNTs are
therefore expected to form larger CNT cells with thicker walls
than the cells formed by nc-CNTs. Experimental results support
this prediction, as illustrated in histograms of the cell area (A),
width (w), and wall thickness (t) for nc- and c-CNTs with hB 35 mm
in Fig. 2b. As seen in Fig. 2b, the evaluated L for c-CNTs
is significantly larger than for nc-CNTs for t (B6.4 mm vs.
B4.0 mm), w (B140 mm vs. B97 mm), and A (B7.0  104 mm2
vs. B1.3  104 mm2), consistent with enhanced substrate
adhesion diminishing the CNT cell wall’s mechanical reinforce-
ment efficacy. To better understand how cementation affects the
mechanics that underpin the formation of CNT cellular networks,
models that tie CNT cell geometry to h are discussed next.
To model the capillary-mediated self-organization process of
CNT arrays, we assume a one-dimensional point of view for
simplicity (as illustrated in Fig. 2a). In this framework, the t for
the cell walls can be estimated by starting with the previously
derived maximum capillary formed bundle size,20,59,60 in addi-
tion to the recently characterized CNT array morphology,47–49
which yields the following form:
t  Gf g
E
 2=3 4h8=3
Dcnt2Gi4=3
  1=3
(1)
where g is the surface tension of the solvent (B22 and 25 
103 N m1 for ethanol and acetone used herein, respectively),
E is the effective (axial) elastic modulus of the cell wall, which
corresponds to the collective elastic response of the tortuous
CNTs in the cell wall and is oftentimes orders of magnitude
lower than the intrinsic (axial) CNT modulus,16 Gi and Gf are
the initial (i.e. as-grown) and final inter-CNT spacing, Dcnt is the
CNT outer diameter, and h which is easily quantifiable as the
CNT array height and scales with the CNT length. Reasonably
good wetting of the CNTs by the solvent is also inherently
assumed in eqn (1)61 (see Section S2 in the ESI† for further
details). Assuming that the CNT cells occupy approximately the
same total area as the original CNT array, and defining an
Fig. 2 Eﬀect of CNT–substrate adhesion, either baseline not cemented
or cemented via post-processing, on CNT cell network formation. (a) Side
view illustrations and top view SEM images of cell networks formed from
B35 mm tall CNT arrays. (b) Exemplary distributions of the cell wall
thicknesses, cell widths, and areas for CNT cell networks formed using
non-cemented (left) and cemented (right) CNT arrays (height B 35 mm).
Evaluated arithmetic mean (L) values indicate that cemented CNTs form
larger cells with thicker walls than non-cemented CNTs.
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average one-dimensional repeat unit of size w + t, w can be
estimated from t as follows:
w E tX (2)
where X is the densification factor, which is one-dimensional in
nature here, as discussed further in Section S2 in the ESI.†
Since the one-dimensional framework inherently assumes that
the cells are square in shape, while the SEM images in Fig. 1
and 2 illustrate that ellipses are better approximations, A can be
approximated from w as follows:
A E O(zw)2 (3)
where O is a factor accounting for the circularity, and z is a
correction factor that accounts for the aspect ratio of the
ellipses (z = 1 for O = 1  perfectly circular cells) and is
discussed further in Section S2 in the ESI.† Using eqn (1)–(3),
the experimentally quantified t, w, and A in Fig. 2 can be
analyzed from the underlying physics, as presented in Fig. 3.
As Fig. 3 illustrates, t (Fig. 3b), w (Fig. 3c), and A (Fig. 3d)
monotonically increase with h for both nc- and c-CNTs (see
Fig. 3a for schematic illustrating the two diﬀerent cell wall
geometries, and Section S3 in the ESI† for the raw data). Since
acetone and ethanol have very similar values of g, but very
diﬀerent partial pressures at ambient conditions, Fig. 3 shows
that the solvent evaporation rate does not significantly alter the
patterns formed since CNTs densified by both acetone and
ethanol yield very similar cellular networks. To better under-
stand the eﬀect of cementation on the t scaling with h, E was
estimated (via eqn (1)) for cell walls comprised of nc- and
c-CNTs (see Fig. 3b inset). As Fig. 3b inset illustrates, E scaling
with h can be estimated as Ep a(h)owhere ancE 0.030 0.006p
10  ac and onc = ocE 8/3. This leads to qEnc/qh4 qEc/qh, which
corresponds to tnco tc at constant h (e.g. Fig. 2b), and is consistent
with the previous discussion of lower CNT mobility reducing the
eﬀective cell wall stiﬀness. Additionally, because c-CNTs are harder
to delaminate, Fig. 3b indicates that cellular pattern formation is
possible at h 4 300 mm for c-CNTs, which is significantly larger
than the maximum hB 60 mm at which nc-CNTs delaminate from
the substrate (and subsequently collapse) due to capillary forces. To
elucidate how altering the CNT substrate adhesion influences CNT
densification in the cell walls, Xwas approximated using eqn (2) for
CNT cells formed from nc- and c-CNTs (see Fig. 3c inset). As Fig. 3c
inset illustrates, Xnco Xc (i.e. 20  2 vs. 30  3), which leads to
wnc o wc at comparable values of h. Xc leads to a CNT volume
fraction in the cell walls of B30–40%, which is very similar to
the maximum packing fraction estimated for similar CNTs
(B40 vol% CNTs).62 This indicates that the densification of
c-CNTs is well described by a one-dimensional mechanism
similar to how the scaling of the effective indentation modulus
of CNT arrays was modeled.62 However, because Xnc is signifi-
cantly lower than Xc, densification in nc-CNTs may not be
purely one-dimensional in nature, since nc-CNTs are able to
more freely translate and re-orient themselves with respect
to their neighbors, requiring further consideration of two-
dimensional interactions.
Fig. 3 Cell geometry evolution with CNT height (h) for non-cemented
(nc, left) and cemented (c, right) CNTs densified via acetone and ethanol
(-Ac and Et). (a) Illustrations of diﬀerent eﬀective wall elastic moduli (E)
and densification factors (X) giving rise to thicknesses and widths (t and w)
of cells formed from nc- and c-CNTs (-Enc, Xnc, tnc, wnc and Ec, Xc, tc, wc,
respectively). (b) Plot showing that qEc/qh o qEnc/qh leads to faster t
scaling with h (eqn (1), see inset) for c-CNTs. (c) Plot illustrating that w
scales faster with h (eqn (2), see inset) for c-CNTs because Xc 4 Xnc. (d)
Plot demonstrating that while cell area (A) scales faster with h (eqn (3), see
inset) for c-CNTs, cell circularity (-Onc and Oc) is constant.
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To further investigate two-dimensional densification eﬀects,
O for nc- and c-CNTs was approximated using eqn (3) (see
Fig. 3d inset). As the inset of Fig. 3d demonstrates, O is
surprisingly found to be of similar magnitude for both
nc- and c-CNTs (i.e. Onc E 0.60  0.04 and Oc E 0.58  0.02),
which indicates crack initiation and propagation in the CNT
arrays, and leads to formation of anisotropic cells with aspect
ratiosB3.5  0.3 (see Section S2 in the ESI† for details), that is
likely dependent on spatial variations in number density and
tortuosity of the CNTs that originate from the CNT growth
process.63–66 These results indicate that although the one-
dimensional simplifications used here can capture the under-
lying physical mechanisms that govern cell formation, and
thereby yield predictions that agree well with the experimental
data presented in Fig. 3, further work that quantifies and
simulates topological inhomogeneities present within the CNT
arrays is needed to better model CNT cellular network formation
in two-dimensions. Note that experimental quantification of
such features in as-grown NF arrays is quite challenging.
In summary, the impact of carbon nanotube (CNT) length
on capillary-mediated self-assembly of aligned CNT arrays into
two-dimensional cellular networks was quantified under con-
ditions that varied the densification solvent and CNT array
height, and scaling relations that accurately predict geometry of
the resulting CNT cells are presented. The experimental results
indicate that CNT cell width, area, and wall thickness increase
monotonically as a function of the CNT array height (h).
Additionally, by modifying the CNT substrate adhesion force
through a post-processing step termed cementation, we find
that CNT cells can be made at larger h, since CNT junction
interactions are diminished, and that cells formed from cemen-
ted CNTs (c-CNTs) counterintuitively exhibit larger width, area,
and wall thicknesses compared to their non-cemented CNT
(nc-CNT) counterparts at constant h. Modeling illustrates that
this originates from how the eﬀective axial elastic modulus (E)
of CNTs increases with packing density, and that by reducing
CNT mobility, cementation reduces the eﬀective array stiﬀness
of the c-CNTs vs. the baseline nc-CNT arrays. Also, modeling
indicates that the densification of c-CNTs is approximately one-
dimensional in nature, while nc-CNT densification might
experience two-dimensional eﬀects. Investigation of CNT cell
aspect ratio and circularity shows no statistically significant
diﬀerence between c-CNTs and nc-CNTs, illustrating that
further work building on recent advances in two-dimensional
meso-scale simulation of self-organization of such nano-
systems due to capillary forces is needed.67–69 Additionally,
since cementation modifies the cellular pattern formation by
altering the CNT substrate adhesion force (Fa), but data that could
allow the characterization and modeling of the physics and/or
chemical mechanisms that gives rise to the observed enhance-
ment in Fa (e.g. CNT–CNT, CNT–catalyst, catalyst–substrate or
combination thereof) is not currently available, additional work is
required to quantify and predict how Fa scales with processing
conditions. Once Fa and two-dimensional densification effects
can be precisely described and modeled, capillary-mediated
densification could be used to inexpensively, quickly, and
accurately design bulk nanofiber systems with tuned topologies
that could enable next-generation processors, batteries, and
lightweight structures.
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